Pharmacological evidence suggests a functional role for spinal nitric oxide (NO) in the modulation of thermal and/or inflammatory hyperalgesia. To assess the role of NO in nerve injuryinduced tactile allodynia, we examined neuronal NO synthase (nNOS) expression in the spinal cord and dorsal root ganglia (DRG) of rats with tactile allodynia because of either tight ligation of the left fifth and sixth lumbar spinal nerves or streptozotocin-induced diabetic neuropathy. RNase protection assays indicated that nNOS mRNA (1) was upregulated in DRG, but not spinal cord, neurons on the injury side beginning 1 d after nerve ligation, (2) peaked (ϳ10-fold increase) at 2 d, and (3) remained elevated for at least 13 weeks. A corresponding increase in DRG nNOS protein was also observed and localized principally to small and occasionally medium-size sensory neurons. In rats with diabetic neuropathy, there was no significant change in DRG nNOS mRNA. However, similar increases in DRG nNOS mRNA were observed in rats that did not develop allodynia after nerve ligation and in rats fully recovered from allodynia 3 months after the nerve ligation. Systemic treatment with a specific pharmacological inhibitor of nNOS failed to prevent or reverse allodynia in nerve-injured rats. Thus, regulation of nNOS may contribute to the development of neuronal plasticity after specific types of peripheral nerve injury. However, upregulation of nNOS is not responsible for the development and/or maintenance of allodynia after nerve injury.
Pharmacological evidence suggests a functional role for spinal nitric oxide (NO) in the modulation of thermal and/or inflammatory hyperalgesia. To assess the role of NO in nerve injuryinduced tactile allodynia, we examined neuronal NO synthase (nNOS) expression in the spinal cord and dorsal root ganglia (DRG) of rats with tactile allodynia because of either tight ligation of the left fifth and sixth lumbar spinal nerves or streptozotocin-induced diabetic neuropathy. RNase protection assays indicated that nNOS mRNA (1) was upregulated in DRG, but not spinal cord, neurons on the injury side beginning 1 d after nerve ligation, (2) peaked (ϳ10-fold increase) at 2 d, and (3) remained elevated for at least 13 weeks. A corresponding increase in DRG nNOS protein was also observed and localized principally to small and occasionally medium-size sensory neurons. In rats with diabetic neuropathy, there was no significant change in DRG nNOS mRNA. However, similar increases in DRG nNOS mRNA were observed in rats that did not develop allodynia after nerve ligation and in rats fully recovered from allodynia 3 months after the nerve ligation. Systemic treatment with a specific pharmacological inhibitor of nNOS failed to prevent or reverse allodynia in nerve-injured rats. Thus, regulation of nNOS may contribute to the development of neuronal plasticity after specific types of peripheral nerve injury. However, upregulation of nNOS is not responsible for the development and/or maintenance of allodynia after nerve injury.
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Nerve injury of varying etiologies may produce chronic pain states characterized by allodynia, in which innocuous tactile stimuli become frankly aversive. E xperimental models of nerve injury-evoked allodynia include traumatic and metabolic etiologies, such as nerve ligation and streptozotocin-induced diabetes. One consequence of such nerve injuries is the appearance of adaptive changes in the expression of a variety of receptors, channels, and enzymes in the dorsal root ganglion (DRG) of the injured nerve and in spinal neurons postsynaptic to the injured afferents.
Changes in spinal nitric oxide (NO) production may contribute to allodynia after nerve injury. Spinal NO release is evoked by NMDA receptor activation (Snyder, 1992; L uo and Vincent, 1994; Montague et al., 1994; Sakai et al., 1998) . NO has been shown to enhance the release of excitatory amino acids (Akira et al., 1994; Montague et al., 1994; Mollace et al., 1995; Ohno et al., 1995; Sandor et al., 1995; Ientile et al., 1996; Nei et al., 1996; Bogdanov and Wurtman, 1997) . Spinal delivery of NMDA receptor antagonists has been shown to attenuate allodynia (Calcutt and Chaplan, 1997; Chaplan et al., 1997; Siegan et al., 1997) . These observations suggest an important role of spinal neuronal nitric oxide synthase (nNOS) in allodynic states observed after nerve injuries. Pharmacological evidence regarding the role of spinal NO in the development of nerve injury-evoked allodynia has been conflicting. Although some investigators observed allodynia inhibition in nerve-injured rats after treatment with L-N Gnitro-arginine methyl ester (L-NAME), a nonspecific NOS inhibitor (Yoon et al., 1998) , others have found that L-NAM E has no effect on diabetic-or nerve injury-evoked allodynia (Calcutt and Chaplan, 1997 ) (S. R. Chaplan, unpublished observations).
Immunological and enzymatic studies indicate the presence of nNOS-positive neurons and NOS activity in spinal cord and DRG neurons. Nerve injury after tight spinal nerve ligation has been shown to evoke an increase of NOS expression and activity in DRG but a reduction in spinal cord neurons (Steel et al., 1994; Choi et al., 1996) , indicating a NOS-mediated neuronal response to the nerve injury. However, the level of such regulation is not known because nNOS mRNA levels after the nerve injury have not yet been examined. In addition, a direct correlation between nNOS expression and the development and/or maintenance of allodynia has not been established.
This study characterized nNOS expression at the mRNA level and correlated it with the development of tactile allodynia after nerve injury. To do this we have used rats with different genetic backgrounds, either susceptible or resistant to the development of allodynia after tight spinal nerve ligation (Kim and Chung, 1992) , nerve-ligated rats with allodynia or fully recovered from allodynia, or diabetic rats with allodynia (Calcutt et al., 1996; Calcutt and Chaplan, 1997) . In addition, the effects of 7-nitroindazole (7-NI), a nNOS-specific inhibitor, on the development and/or maintenance of allodynia were evaluated. We established that nNOS expression is upregulated dramatically at the mRNA level after mechanical, but not metabolic, nerve injury but that such regulation is not responsible for the development and /or maintenance of nerve injury -induced allodynia.
MATERIALS AND METHODS
Materials. Rats were from Harlan Sprague Dawley (Indianapolis, I N), and [ 32 P]UTP (specific activity, 800 C i /mmol) was from N EN Research Products (Wilmington, DE). Tris-acetate gels (NuPAGE) and buffers were from Novex (San Diego, CA). Monoclonal antibody against rat brain nNOS was from Sigma (St. L ouis, MO). Secondary antibody labeled with horseradish peroxidase, its substrate, and enhancer solutions were from Pierce (Rockford, IL). Biotinylated anti-mouse secondary antibody and avidin -biotin complex solution were from Vector Laboratories (Burlingame, CA). 7-Nitroindazole was from Research Biochemicals (Natick, M A). RNases were from Ambion (Austin, TX), and RNA polymerases and restriction enzymes were from Life Technologies (Gaithersburg, MD). Other chemicals were from Sigma.
Animals. Rats (male Harlan or Holtzman Sprague Dawley; 100 -150 gm) were housed in separate cages using soft bedding, maintained on a 12:12 hr light /dark cycle, and fed food and water ad libitum. Diabetic studies used adult (230 -250 gm) female Harlan Sprague Dawley rats that were housed two per cage on wire grates to prevent contact with urine-soiled bedding. All animal care and experiments were performed according to protocols approved by the Institutional Animal C are Committee of the University of C alifornia, San Diego.
Neuropathic lesions. The surgical procedure described by K im and Chung (1992) was used to induce tactile allodynia in rats. Briefly, the left lumbar fifth and sixth spinal nerves (L5/6) of rats anesthetized with halothane were exposed and tightly ligated with 6.0 silk suture distal to their DRG and proximal to their conjunction to form the sciatic nerve. Sham operations were performed in the same way except that spinal nerves were not ligated. Diabetic neuropathy was induced as described (C alcutt and Chaplan, 1997 ) by a single intraperitoneal injection of 50 mg / kg streptozotocin (freshly dissolved in 0.9% sterile saline) to ablate pancreatic ␤ cells and induce insulin deficiency. Diabetes was confirmed in these rats 2 d later by measuring blood glucose concentrations, using a glucose oxidase -impregnated test strip and reflectance meter (Ames Glucostix and Glucometer II; Miles, Elkhart, I N), in samples obtained by tail prick. Only animals with a blood glucose concentration Ͼ15 mmol / l were included as diabetic, and hyperglycemia was reconfirmed at the time of death.
Drug administration. 7-N I was suspended in peanut oil by sonication. For preemptive treatments, a subcutaneous injection of 50 mg / kg in a volume of 1 ml was started 30 min before the surgery and given daily for 6 d. For treatment of tactile allodynia, the same daily dose of 7-N I was administered subcutaneously from day 11 to 13 after the operation when tactile allodynia was f ully developed in the nerve-ligated rats.
Behavioral testing. Tactile allodynia was tested as described previously (Chaplan et al., 1994) . Briefly, rats were transferred to a clear plastic, wire mesh -bottomed cage and allowed to acclimatize for 15 min. Von Frey filaments (Stoelting, Wood Dale, IL) were used to determine the 50% paw withdrawal threshold using the up -down method of Dixon (1980) . A series of filaments, starting with one that had a buckling weight of 2.0 gm, was applied in consecutive sequence to the plantar surface of the left (nerve-ligated) or right (diabetic) hindpaw with a pressure causing the filament to buckle. Lifting of the paw indicated a positive response and prompted the use of the next weaker filament. Absence of a paw withdrawal response after 5 sec prompted the use of the next filament of increasing weight. This paradigm continued until four more measurements had been made after the initial change of the behavioral response or until five consecutive negative (assigned a score of 15 gm) or four consecutive positive (assigned a score of 0.25 gm) responses had occurred. The resulting scores were used to calculate the 50% response threshold by using the formula: 50% gm threshold ϭ 10 (X f ϩ Ѩ) /10,000, where X f ϭ the value (in log units) of the final von Frey filament used, ϭ the value [from table in Chaplan et al. (1994) ] for the pattern of positive and /or negative responses, and Ѩ ϭ the mean difference (in log units) between stimulus strengths. Behavioral tests were performed immediately before or 30 min to 1 hr after drug administrations. Allodynia was considered to be present when paw withdrawal thresholds were Ͻ4 gm.
R NA e xtraction and R Nase protection assay. Total RNA was extracted from rat tissues with TRIzol reagent (Life Technologies) and stored at Ϫ20°C. nNOS mRNA species were quantified by RNase protection assays as described (L uo et al., 1994, 1996) . A partial rat nNOS cDNA subcloned in a Bluescript SK II plasmid (kindly provided by Dr. B. C. Knoe at the University of Texas, Houston Health Science C enter, Houston, TX) was linearized with EcoRI. After in vitro transcription with [ 32 P]UTP, a 623 bp labeled antisense cRNA probe was used for RNase protection. To normalize for sample loading, an antisense probe of rat cyclophilin (gift of Dr. J. N. Wood; University College, L ondon) was included in each RNase protection assay. A tRNA lane was included in each RNase protection assay to verif y the complete digestion of the free probes. Molecular masses of the protected probes were estimated by electrophoresis on polyacrylamide gels, and protected bands were exposed to BioMax films (Eastman Kodak, Rochester, N Y) and quantified by densitometry (UltroScan X L; Pharmacia, Piscataway, NJ).
Western blot. To examine the cellular levels of nNOS, spinal cord and DRG tissues were extracted in 50 mM Tris buffer, pH 8.0, containing 0.5% Triton, 150 mM NaC l, 1 mM EDTA, and protease inhibitors, subjected to NuPAGE Tris-acetate gel electrophoresis, and then transferred to nitrocellulose membrane (Schleicher & Schuell, Keene, N H) electrophoretically. After nonspecific binding sites were blocked with 5% low fat milk in PBS containing 0.1% T ween 20 (PBS-T), monoclonal antibodies against rat brain nNOS (anti-nNOS) were used to blot the membrane in PBS-T for 1 hr at room temperature. After the nitrocellulose membrane was washed twice with the same buffer and once with a buffer containing 150 mM NaC l and 50 mM Tris-C l, pH 7.5, the antibodyprotein complexes were blotted for 1 hr at room temperature with secondary antibodies labeled with horseradish peroxidase. After extensive washing, the protein -antibody complexes were detected with chemiluminescent reagents.
Immunohistochemistr y. nNOS immunostaining was performed as described by Dun et al. (1993) . At the end of the survival period anesthetized rats were perf used intracardially with heparinized saline followed by 4% paraformaldehyde in 0.1 M PBS, pH 7.4. The spinal cord and DRGs were then removed, post-fixed in the same fixative for 12 hr, and then immersed in PBS containing 15-20% sucrose. Frozen transverse sections (25 m) were cut 24 hr later. Free-floating tissue sections were then pretreated with 0.3% H 2 O 2 in PBS for 30 min, washed and blocked with 5% normal horse serum in PBS, and incubated with the monoclonal anti-nNOS antibody (1:1000) overnight at 4°C with gentle agitation. After several washes, sections were incubated with biotinylated antimouse secondary antibody (1:200) for 2 hr and then with avidin -biotin complex solution (1:50) for 1 hr at 21°C. The protein -antibody complexes were detected by a color reaction with diaminobenzidine-H 2 O 2 . In some sections, specific nNOS staining was intensified by a 1 min incubation with nickel chloride -enhancing solution. Sections were then washed, mounted, air-dried, dehydrated with alcohol followed by xylene, and coverslipped with Permount. In parallel control sections, the anti-nNOS antibody was omitted from the staining procedures, and no positive staining was observed.
Statistical anal yses. Statistical analyses were performed using the unpaired Student's t test and the Mann -Whitney test where significance was indicated by a two-tailed p value Ͻ 0.05.
RESULTS

Behavioral effects of nerve injury
As shown in Figure 1 , tactile allodynia (reduction in the paw withdrawal threshold to mechanical stimulation) developed in nerve-ligated rats by day 4 after the nerve injury. The allodynia peaked at day 6 and lasted for at least 2 weeks. Comparable paw withdrawal thresholds (Ͻ4 gm), indicative of tactile allodynia, also developed in diabetic rats (data not shown).
nNOS mRNA
To elucidate the possible regulation of nNOS at the mRNA level in rat models of neuropathic pain, we examined nNOS mRNA levels in the spinal cord and DRGs 2 weeks after tight ligation of the L5/6 spinal nerves or after 8 weeks of diabetes. As indicated in Figure 2 A, nNOS mRNA levels were higher in dorsal lumbar than in ventral lumbar spinal cord, and L4 -6 DRG neurons expressed a low level of nNOS mRNA. L1 DRG neurons expressed a high level of nNOS mRNA, consistent with the high expression level of nNOS protein in L1 DRG neurons (Steel et al., 1994) . Interestingly, nNOS mRNA levels were upregulated ϳ10-fold in L5/6 DRG of the injured side compared with those of the contralateral side, whereas nNOS mRNA levels in L4 DRG were slightly upregulated. In contrast, nNOS mRNA levels were not increased in L1 DRG or lumbar spinal cord after nerve ligation, nor was nNOS mRNA upregulated significantly in L4/5 DRG of diabetic rats (Fig. 2) .
The relationship between nNOS mRNA upregulation and the development of tactile allodynia was examined by comparing the time courses of injury-induced nNOS mRNA expression in L5/6 DRGs and allodynia onset. Upregulation of nNOS mRNA after the nerve injury was time dependent, starting 1 d but not 8 hr after the surgery, peaked at day 2, and remained elevated for at least 13 weeks (see Figs. 3 , 7B,C). There was no similar nNOS mRNA increase in DRG neurons from sham-operated rats (Fig.  3B) . Thus, DRG nNOS mRNA upregulation precedes the tactile allodynia onset (compare Figs. 3B, 1) .
nNOS protein expression and localization after spinal nerve ligation
The nNOS protein levels after the nerve injury were examined by Western blot analyses 1 week after the nerve ligation. There was a 20-fold increase of nNOS in L5/6 DRG neurons on the injury side compared with that on the contralateral side. No such increase was observed in dorsal lumbar spinal cord (108 Ϯ 12% on the injury side compared with that on the contralateral side; n ϭ 9) or in L5/6 DRGs from sham-operated rats (Fig. 4 A) . Data from immunohistochemical experiments indicated that increased nNOS-positive staining is mainly in the small and occasionally medium-size neurons (Fig. 5) . Quantitative analyses of the immunohistostaining data revealed that L5/6 DRGs ipsilateral to the nerve injury contain significantly ( p Ͻ 0.0001) more nNOSpositive cells (11.3 Ϯ 1.4%; three sections each from four rats; 2282 cells were counted) than do L5/6 DRGs from sham-operated rats (2.2 Ϯ 0.3%; three sections each from four rats; 2759 cells were counted).
Effect of nerve ligation on nNOS mRNA in a rat strain resistant to allodynia development
To examine the linkage between nNOS mRNA upregulation and allodynia development, we examined nNOS mRNA levels 1 week after the nerve injury in Holtzman rats, a strain that does not develop tactile allodynia (Fig. 6 A) . Data from RNase protection experiments indicated an increase of nNOS mRNA in L5/6 DRGs ipsilateral to the nerve ligation comparable with that seen in the Harlan strain (Fig. 6 B,C) . The similarity of nNOS mRNA upregulation despite genetically based differences in the behavioral response indicates a dissociation between the nNOS mRNA upregulation and the tactile allodynia development after nerve injury.
nNOS mRNA in nerve-ligated rats fully recovered from allodynia
The relationship between nNOS mRNA upregulation and the development and/or maintenance of tactile allodynia was further examined in nerve-ligated rats fully recovered from the neuropathic pain state. As indicated in Figure 7A , rats developed tactile allodynia 1 week after the nerve ligation, recovered gradually in 7 weeks, and achieved a full recovery 9 weeks after the surgery. . nNOS mRNA level in the spinal cord and DRG of allodynic rats after L5/6 spinal nerve ligation and diabetic neuropathy. Total RNA was extracted from the spinal cord and DRG of Harlan Sprague Dawley rats with allodynia resulting from tight ligation of the left L5/6 spinal nerves (2 weeks) or diabetes (8 weeks). nNOS mRNA was detected by RNase protection assays. A, Representative autoradiograms. Twenty micrograms of total RNA from the spinal cord or total RNA from two (L4, L5/6, and diabetic) or three (L1) DRGs were used for each lane. nNOS bands had a longer exposure time than did cyclophilin bands because of the low abundance of the nNOS mRNA, except for the separate RNase protection of diabetic samples in which lower specific activity of the cyclophilin probe was used. Lanes are labeled 1, for the contralateral side or nondiabetic rats, and 2, for the nerve-ligated side or diabetic neuropathy rats. B, Percentage change of nNOS mRNA in neuropathic tissues compared with control tissues. Data are presented as the means Ϯ SEM from 6 to 10 rats except for the L5/6 DRG samples that are from 4 rats (*p Ͻ 0.05 by Student's t test or Mann -Whitney test). Cyclo., Cyclophilin; Diabet., diabetic; Dors., dorsal; Lumb.S.C., lumbar spinal cord; Vent., ventral.
However, nNOS mRNA levels in L5/6 DRGs ipsilateral to the nerve ligation remained elevated even when the rats were fully recovered from tactile allodynia (Fig. 7B,C) , indicating a dissociation between nNOS mRNA upregulation and the maintenance of tactile allodynia after nerve injury.
nNOS inhibition and allodynia
To examine whether nNOS inhibition could alter the expression of nerve injury -evoked allodynia, we treated nerve-ligated rats once daily (50 mg / kg, s.c.) with an nNOS-specific inhibitor, 7-NI, that was started 30 min before the surgery and continued for 6 d. In addition, the role of nNOS inhibition on the maintenance of allodynia was examined by treating allodynic rats with the same treatment for 3 d, starting on day 11 after the operation. At this dose, 7-N I was shown to inhibit effectively rat brain NOS activity and the allodynia-like response induced by spinal cord ischemia in vivo (Babbedge et al., 1993; Hao and Xu, 1996) . No motor deficit was observed in treated rats. As indicated in Figure 8 , neither pre-nor postsurgery treatment of 7-NI affected the development and/or maintenance of tactile allodynia. Intraperitoneal administration of 7-NI (25-50 mg/kg) also failed to reverse allodynia in nerve-injured rats (data not shown).
DISCUSSION
Our study provides the first evidence to indicate that nNOS expression is upregulated at the messenger RNA level in rat DRG, but not spinal cord, neurons after tight spinal nerve ligation, a model widely used to study neuropathic pain after peripheral nerve injury. This finding is similar to the increase of nNOS mRNA in DRG after sciatic nerve transection (Verge et al., 1992) . However, the physiological abnormalities resulting from these two nerve injury models are distinct. Although peripheral axotomy results in motor deficit and a complete loss of sensation in the paw ipsilateral to the nerve injury, rats with nerve ligation retain motor function and develop pain syndromes including hyperalgesia, tactile allodynia, and spontaneous pain (Kim and Chung, 1992) . Thus, pathways controlling neuropathic pain states are functional and activated in nerve-ligated animals, permitting us to study the coupling of nNOS regulation and the development and/or maintenance of allodynia after nerve injury.
Our study provides genetic, molecular, and pharmacological evidence indicating that nNOS regulation is not directly linked to the development and/or maintenance of tactile allodynia. Even though upregulation of nNOS mRNA precedes the onset of allodynia and persists for the duration of the neuropathic pain state in nerve-ligated animals (Figs. 1, 3) , our study indicates a clear separation between nNOS upregulation and the development and maintenance of tactile allodynia after nerve ligation. Nerve-ligated Holtzman rats, which do not develop allodynia, show a remarkable nNOS upregulation in the DRG (Fig. 6) , indicating that nNOS upregulation alone is not a determining factor of allodynia susceptibility in this species. Rather, other intrinsic factors may underlie the genetic differences. In addition, Harlan Sprague Dawley rats that are f ully recovered from tactile allodynia continue to show levels of expression observed in the earlier period when allodynia was present (Fig. 7) . Furthermore, our pharmacological data indicate that inhibition of nNOS does not prevent or block tactile allodynia (Fig. 8) . Thus, our conclusions are consistent with the hypothesis that there are NO cGMPindependent pathways that mediate nociception when nNOS is inhibited (Ichinose et al., 1998) .
Our findings differ with the conclusion drawn from a recent study showing that treatment with L-NAM E partially blocks the development and /or maintenance of allodynia and suggesting that NO may be involved in the neuropathic pain process (Yoon et al., 1998) . The lack of specificity of drug action from available pharmacological agents may contribute to the controversial results of NOS inhibition on tactile allodynia. In addition, NOS splice variant expression, as in the case of morphine analgesia and tolerance (Kolesnikov et al., 1997) , may contribute to the complexity of NOS inhibition experiments. Finally, it is possible that NO produced by other NOS isoforms such as inducible NOS (iNOS) contributes to the development and /or maintenance of tactile allodynia. This is supported by the findings that iNOS mRNA expression was induced in conditions producing thermal hyperalgesia (Meller et al., 1994; Grzybicki et al., 1996) . However, the slow onset of allodynia after nerve injury seems inconsistent with the fast induction of iNOS mRNA that occurs within hours of stimulation (Meller et al., 1994; Grzybicki et al., 1996) . In addition, iNOS mRNA was not detected in DRG neurons (data not shown), nor was its protein found in the spinal cord (Goff et al., 1998) after spinal nerve ligation. The role of endothelial NOS in nerve injury-induced allodynia remains to be investigated.
Several pathological conditions occur after nerve ligation that may drive nNOS gene expression in DRG. First, nerve ligation or section leads to an initial barrage of afferent activity in the injured axons, and this is followed over a period of days to weeks by the development of spontaneous afferent traffic arising from the sprouting nerve terminal (neuroma) and from the DRG of the injured axon . Second, such nerve injuries result in a loss of materials undergoing retrograde axonal transport from the normal target organ. Third, nerve injury leads to the generation of active factors at the injury site that may be retrogradely transported to DRG. These conditions may have either a negative or positive influence on DRG nNOS expression.
Normal afferent activity and retrogradely transported factors may regulate nNOS expression via a negative feedback inhibition mechanism. Nerve ligation may interrupt this feedback regulation . Upregulation of nNOS mRNA in L5/6 DRGs after nerve ligation in Holtzman rats, which do not develop allodynia. Total RNA was extracted from two pooled L5/6 DRGs in Holtzman rats 1 week after the nerve ligation, and nNOS mRNA levels were examined by RNase protection assays. A, The paw withdrawal thresholds to mechanical stimulation in the nerve-ligated animals' paws were not significantly different from those in the sham-operated animals' paws (Mann -Whitney test; 4 rats in each group). B, Representative autoradiography shows nNOS and cyclophilin probes protected by the corresponding mRNAs from DRGs of two individual rats. Lanes are labeled 1, for the contralateral side, and 2, for the nerve-ligated side. nNOS bands had a longer exposure time because of the low abundance of the mRNA. Numbers on the left indicate the positions of DNA markers in base pairs. C, Summarized data are from RNase protections shown in B. The fold increase of nNOS mRNA was defined by comparing nNOS band densities in the injury side with those in the contralateral side after taking the ratio of nNOS bands over the cyclophilin bands to correct differences in RNA loading. Data are presented as the means Ϯ SEM from four independent experiments (*p Ͻ 0.05 by Student's t test or Mann -Whitney test). Contral., Contralateral. and therefore result in increased nNOS expression. The slow onset of nNOS mRNA upregulation after nerve injury seems inconsistent with the interruption of afferent activity that would occur immediately after the nerve ligation. It is possible that nNOS expression is controlled by factors derived from peripheral nerves or innervated target tissues. This is supported by three observations. (1) The slow onset of nNOS upregulation after nerve injury falls in the time frame of the early phase of nerve regeneration requiring signals conveyed by retrograde transport after axon injury (Ambron et al., 1995; . (2) The upregulation of nNOS mRNA in our model is similar to that induced by sciatic nerve transection (Verge et al., 1992) , and retrograde axonal transport is interrupted in both models. (3) nNOS mRNA was mildly, but not significantly, upregulated in DRGs from diabetic rats in which retrograde axonal transport of neurotrophic factors is diminished but not abolished (Fernyhough et al., 1995 (Fernyhough et al., , 1998 . This hypothesis is in accord with the findings that nerve growth factor (NGF) is required by peripheral sympathetic ganglion and sensory neurons to maintain their normal f unctions and is supplied to ganglion neurons by retrograde axonal transport (Njå and Purves, 1978; Verge et al., 1989 Verge et al., , 1990 Anderson et al., 1998) . Examples of such feedback regulation include downregulation of the SNS sodium channel subtype in the DRG after axotomy, which is prevented by exogenous NGF administration (Dib-Hajj et al., 1998) . Thus, upregulation of nNOS and the subsequent production of NO may serve as a compensatory mechanism for neuronal survival and/or regeneration after DRG neurons sense the change in axonal transport or nerve injury. However, the lack of retrograde control may lead to overexpression of nNOS and subsequent overproduction of NO, which is known to be neurotoxic, and may result in neurodegeneration .
Alternatively, upregulation of nNOS may result from positive signals derived from increased ongoing afferent activity or active factors generated in the injured terminal as suggested in other studies (Curtis et al., 1993; Yamamoto and Yaksh, 1993; Gunstream et al., 1995; . The slow onset of nNOS mRNA upregulation after nerve injury suggests that such change is not regulated directly by the initial injury-induced discharges that would reach the cell body immediately after axon injury . However, it is possible that ongoing injury discharges could indirectly induce nNOS expression requiring de novo protein synthesis. This hypothesis is supported by the findings that expression of transcription factors such as Jun, Fos, and Krox was upregulated and colocalized with the increased expression of nitric oxide synthase within spinal cord neurons after noxious stimulation of the rat hindpaw (Herdegen et al., 1994) . Similarly, nNOS expression could be regulated by active factors generated at the site of nerve injury. Examples of such retrograde active factors include the ciliary neurotrophic factor (CNTF) that promotes survival of sensory neurons (Barbin et al., 1984; Skaper and Varon, 1986; Thoenen, 1991) . This factor is released as a "lesion factor" by damage to Schwann cells in the sciatic nerve (Thoenen, 1991) and induces gene expression (Ip et al., 1992) . Most interestingly, retrograde axonal transport of this factor by sensory neurons is enhanced after peripheral nerve injury (Curtis et al., 1993) . In fact, nerve CNTF levels are depleted in diabetic rats (Calcutt et al., 1992) , perhaps explaining the minimal nNOS induction seen in the present study. Figure 7 . Upregulation of nNOS mRNA in L5/6 DRGs of nerve-ligated rats fully recovered from tactile allodynia. Tight ligation of the left L5/6 spinal nerves was performed in Harlan Sprague Dawley rats, and the paw withdrawal threshold to mechanical stimulation was tested from 1 to 13 weeks after the nerve ligation. Total RNA was extracted from two pooled left L5/6 DRGs from each rat at week 13, and nNOS mRNA levels were examined by RNase protection assays as described. A, Full recovery from tactile allodynia in nerve-ligated rats 9 weeks after the spinal nerve ligation. Data presented are the means Ϯ SEM from four sham control rats and six nerve-ligated rats. B, Representative autoradiography showing nNOS and cyclophilin probes protected by corresponding mRNAs. nNOS bands had a longer exposure time because of the lower abundance of the nNOS mRNA than that of cyclophilin mRNA. Numbers on the lef t indicate the positions of DNA markers in base pairs. Lanes are labeled 1, for the contralateral side, and 2, for the surgery side. C, Summarized data of RNase protections shown in B. Data analysis was done as described in the legend for Figure 6C . Data are presented as the means Ϯ SEM from four independent experiments (*p Ͻ 0.05 by Student's t test or MannWhitney test). Figure 8 . Effects of systemic administration of an nNOS specific inhibitor, 7-N I, on the development and /or maintenance of tactile allodynia in rats after spinal nerve ligation. Preemptive and treatment protocols are indicated, and the paw withdrawal threshold to mechanical stimulation was tested at the designated times. In both cases, control animals were injected with the same volume of peanut oil (vehicle) alone. Similar findings were observed when the drug was administered intraperitoneally. Data presented are the means Ϯ SEM from five (treatment) and six (preemptive treatment) rats.
